Introduction
Moisture (Le., water) within the unsaturated formation is the carrier medium for most contaminants. Its quantification is of fundamental importance for site characterization because moisture data are primary inputs for contaminant transport models. Monitoring moisture concentrations within the unsaturated formation is used to 1) detect leaks or spills from engineered structures and 2) identify and track contaminant migration fronts, especially those that do not contain readily identifiable contaminants (e.g., gamma-ray emitters).
Many methods used within the agricultural and environmental industries quantify soil moisture (Klute 1986 ). Two of the most commonly used, especially at environmental sites, are gravimetric analysis and moisture gauges. In gravimetric analysis a sample is weighed (w,), dried in an oven, and reweighed (wd). The gravimetric water content (gw) can be calculated by Gravimetric water measurement provide very precise results; however, this ex situ measurement requires that a sample be extracted limiting its utility for monitoring. The sample is typically small and may not be representative of heterogeneous formations. Furthermore, the analysis can not compensate for changes that may occur to the sample as a result of extraction and transport to a lab, and grain density and porosity must be estimated in order to convert the results to a volume basis.
In situ quantification of moisture addresses many of the limitations of gravimetric analysis listed above. The moisture gauge is a commonly used in situ analysis methods. Moisture gauges are introduced into the formation through a borehole, and they measure (Goodspeed 1981 ) the thermalization of neutrons by water. The probes typically have a small, high-energy neutron source (50 mCi Am-Be) with a single, closely-spaced detector. As the high-energy neutrons collide with the formation, they lose energy through collisions with nuclei and are eventually slowed to thermal energies (-0.02 eV) . Once at these energies the neutrons can be detected by the gauge. The hydrogen nucleus is particularly efficient in slowing down neutrons, so system response is primarily a function of the hydrogen concentration. Because of the short source-detector spacing, the thermal neutron count rate increases as moisture content increases (Hearst and Carlson 1994) .
small source and its effect on measurement predision. The standard deviation of a nuclear measurement is proportional to the square root of the number of counts (Ellis 1987) . Thus, a moisture gauge must take stationary measurements in order to get acceptable precision. The detector is sensitive to thermal neutrons primarily because they are more abundant than the slightly higher energy epithermal neutrons, thus promoting better counting statistics. Thermal neutrons, however, are prone to capture by specific nuclei (e.g., boron, cadmium); thus, the presence of small quantities of these nuclei will affect the moisture measurement.
As with all technologies, there are limitations to the moisture gauge. One limitation is the The petroleum industry use neutron-neutron logging systems for quantification of formation hydrogen, typically in water-filled oil and gas wells and liquid-saturated formations (Tittle 1961 ; Tittman et al. 1966; Allen et a1 1967; Ellis 1990 ). These systems also rely on neutron thermalization for moisture detection; however, the neutron-neutron logging systems (Figure 1 ) use much larger sources (16 to 20 Ci AmBe) and multiple detectors to promote faster logging speeds and compensation for borehole effects, respectively. In addition, many of these systems use neutron detectors that are not sensitive to thermal neutrons, they only detect epithermal neutrons which are not effected by thermal absorbers.
Both the moisture gauge and neutron-neutron logging system count neutrons that return to the system after interactions with the formation. Calibration is necessary to convert these counts to moisture quantities. Calibration models containing known amounts of moisture provide a means to 1 calibrate these tools, and models for neutron-neutron systems have been built to simulate formations that are saturated with water. The American Petroleum Institute's models in Houston, Texas (Belknap et al. 1959 ) and the EUROPA models in Aberdeen, Scotland (Butler et al. 1986 ) are examples of such models, which are made from blocks of quarried rock.
Logging is typically provided as a service by independent vendors who develop and deploy calibrated systems. Qualified neutron-neutron logging has not been routinely performed at the Hanford Site, in part because the logging vendors have not calibrated their systems for the Hanford borehole environment. As stated above, most oil and gas wells are water-filled and the surrounding formation is saturated. The Hanford formation, in contrast, is subsaturated and the borehole is airfilled. The difference in hydrogen content leads to very different neutron transport properties. Also, the typical oil or gas well is logged prior to insertion of casing; the Hanford borehole must be cased as it is advanced because the Hanford formation is unconsolidated. Consequently, logging tools that normally operate in uncased boreholes must be recalibrated to account for the effects of the steel casing on the measurement.
Models also exist that are suitable for environmental logging applications (Stromswold 1995) . Hearst (1 994) has constructed models at the U. S . Department of Energy's Nevada Test Site to calibrate neutron tools for use in large (2.4-m and 30-cm diameter), uncased boreholes above the water table. The models reported here for the U. S . Department of Energy's Hanford Site are somewhat similar to the ones in Nevada, except that the Hanford models have steel casings and none of the models contain free water. Thus they are suitable for calibrating logging tools typically run at Hanford through steel casing above the water table.
The models were built as part of Cooperative Research and Development Agreements (CRADAs) by the U.S. Department of Energy, Pacific Northwest Laboratory, Westinghouse Hanford Company, and two commercial vendors of borehole geophysical measurements, Halliburton Energy Services and Schlumberger Well Services. The CRADAs covered adaptation of neutron moisture, spectral gamma ray, and density well logging systems for environmental applications at arid locations such as Hanford. A separate report (Engelman et al. 1995) describes the construction of calibration models for use with logging tools that measure formation density. 
Model Specifications
A large number of gravimetric moisture data are available for the Hanford formation. Over 3600 analyses from the unsaturated Hanford formation were downloaded from the Hanford Environmental Information System (HEIS) database. They were converted from weigh % to volume percent by assuming that the porosity is 40% and the grain density of 2.8 g/cm3. The results are displayed in Figure 2 . The figure shows that the amount of moisture in the vadose zone at Hanford is typically in the 4 to 40% (by volume) range, with the most frequent value being about 5%. For such low moisture contents, the pore spaces between the rock grains are only partially saturated with water.
formation, approximately 550. All are ex situ measurements made on core data and have been compiled in Figure 3 . The mean value is 1.8 1 g/cm3, the median is 1.79 g/cm3, and the mode is 1.70 g/cm3. Published sources for these data include Rhoads et al. (1992) , Rohay et al. (1993) , Swanson (1992) , and Wright et al. (1994) . They account for approximately 200 measurements; the remainder were downloaded from a Westinghouse Hanford Company database.
A limited amount of bulk density measurements are available for the unsaturated Hanford
The moisture calibration models were designed to cover the Hanford moisture range and to have a bulk density representative of actual formations. The models are contained in seven cylindrical tanks, each with a steel casing along its axis for logging tool insertion. Table 1 gives the equivalent moisture content (expressed as volume fraction water), density, and casing diameter for each model. The appendices give additional, detailed information about the models, including weights of materials used in each model. Six of the models contain uniform mixtures to achieve a specific moisture content, and one model contains a 102-cm-thick zone of 40% moisture between two 5%-moisture zones. Specifying the moisture content as "volume fraction water" conforms to traditional neutron logging methodology, which uses volume fraction rather than weight fraction. In the case of dry materials containing hydrogen, such as the materials in the Hanford calibration models, volume fraction water is the equivalent volume fraction that water would occupy while having the same hydrogen content. Monte Carlo modeling of a neutron logging tool in the tanks guided the choice of tank diameters. The tanks containing the models are sufficiently large so that even at low moisture content, the neutron moisture measurements will not be perturbed by edge effects. In addition, the large size of the tanks provides additional containment of the neutrons, which is important for safety reasons because the tanks are installed above ground. The tanks are made of stainless steel, and they are 1.8-m tall and 1.5 m in diameter. Steel casings of two different diameters (15.4-cm and 20.3-cm inside diameters) are present in the tanks. Casings of these diameters are typically used at Hanford to prevent unconsolidated formations from collapsing into the hole. Each tank is permanently mounted and welded in its own steel pallet for ease of moving. Figure 4 shows the design of the tanks, and Table 2 gives a summary of their specifications. Lids with gaskets bolted atop the tanks reduce the chance of moisture change over time caused by changes in water vapor. The low humidity at Hanford during construction of the tanks minimized the amount of entrained water vapor. The contents of the models are two-component, dry mixtures of hydrated alumina { Al(OH)3 or, equivalently, A1203*3H20} and either Si02 or Al2O3. Hydrated alumina provides the hydrogen to simulate partially saturated formations without the need for using water, which would be difficult to distribute uniformly in the models without completely saturating the pore spaces. The water molecules in A1203*3H20 are firmly bound, requiring temperatures of about 300" C to remove them. The A1203 is used only in the 40%-moisture model to increase its bulk density without vibrating it for compaction. Table 3 gives the specifications of the materials used in the models. 
Hydrogen Content for Model Components

Hydrogen Index of Hydrated Alumina
Neutron logging tools effectively measure the amount of hydrogen present in the volume of a formation interrogated by a logging tool. For a dry mixture, such as in the calibration models, the hydrogen is determined by the bound hydrogen of the individual components. For the materials in the models, only hydrated alumina { Al(OH)3} contains hydrogen.
The hydrogen index (HI) is the ratio of the number of atoms of hydrogen in a given volume of material to the number of hydrogen atoms in the same volume of pure water. The HI of solid hydrated alumina, based on a molecular weight of 78 and a grain density of 2.42 g/cm3, is calculated as follows: 
Two-Component Mixtures
For a two-component mixture containing A1(OH)3 and a non-hydrogen-containing component, such as SiOz, the HI of the mixture is where VA vt = volume occupied by solid hydrated alumina = total volume occupied by mixture (includes air space between grains) = hydrogen index of hydrated alumina (Al(OH)3): 0.838 = grain density of hydrated alumina (Al(OH)3): 2.42 g/cm3
= mass fraction of hydrated alumina (mA/m,) = grain density of mixture = porosity (volume fraction between grains, filled with air) = bulk density of mixture (includes air space between grains)
The HI of the mixture depends on how tightly the two components mix to reduce the porosity between the grains. Achieving a specific HI and bulk density requires skill and experience in selecting relative proportions of the components, mixing them together, and vibrating the mixture to achieve a desired bulk density and compaction that will inhibit subsequent settling. The bulk density of a mixture depends on the grain densities and masses of the solid components and on the porosity:
where V2 = volume of second solid component (for example, Si02) mA = mass of hydrated alumina m2 = mass of second solid component f2 = mass fraction of second component (f2 = 1-fHA) pg,2 = grain density of second component (for example, 2.64 g/cm3 for SiOz)
The mass fraction of hydrated alumina needed to achieve a specific HI for the mixture at an assumed. porosity is obtained by substituting equation 2 into equation 1: 8 4.0 Construction Techniques , Materials used to fill the tanks were weighed and then blended together in a small, paddle cement mixer with a volume of 0.2 m3 (0.25 yd3). Experience showed that the components mixed well when their total volume was no greater than one third of the capacity of the mixer. Typical mixing times were about 15 minutes. The white color of the hydrated alumina aided judgement of when the materials were sufficiently mixed with the darker sand. Figure 5 shows the filling of one of the models with material from the mixer. After several loads from the mixer were poured into the tank, the material was leveled and then vibrated for compaction, To fill a tank, 10 to 22 such "lifts" were placed into the tank with vibration taking place between each lift. The appendices give detailed information about the mixture components used in the lifts. Vibration reduced the void volume between the grains from an initial value of about 40% poro'sity before vibration to about 33% porosity after vibration. No vibration was used for the 40%-moisture model because vibration might have disturbed the interfaces between the central 40%-moisture zone and its adjacent 5%-moisture zones. Vibration to achieve a bulk density similar to that encountered in formations at Hanford was an important part of the construction process. Vibration also helped to ensure that the material would not settle over time, thus changing the hydrogen index. Initial vibration tests with a scaled-down version of the models provided experience with vibration methods, although further experimentation was required for the full-size tanks to achieve aq optimum vibration technique. Initial tests with the large tanks employed vibrators that were attached to the sides of the tanks and moved upward as the tanks were filled. This was the conventional method used by other researchers in making sand-pack calibration models. Experience showed, however, that vibrating the base of the tank only improved compaction with less segregation of the material during vibration. For this method, the tank rested on four air bags, one at each comer of the metal pallet holding a tank. Four pneumatic vibrators located above the isolation bags vibrated the tank. Very rugged brackets were required for mounting the vibrators to avoid cracking under the stress. Table 4 contains information about the vibrators.
Varying the air pressure to the vibrators changed their frequency and force of vibration. The two vibrators located diagonally opposite each other were oriented so that their horizontal vibration modes canceled, leaving mainly vertical vibration when the vibrators were properly synchronized. The vibrators were carefully positioned such that the axis of rotation was parallel for each vibrator in a diagonal pair. An air distribution manifold provided the means for distributing and adjusting the air pressure to the individual vibrators. Various vibration methods and times were tried while constructing the models. Slowly increasing the air pressure to the vibrators until they were synchronized and then slowly stopping, with an average vibration time of about 30 sec per vibration period, gave the best results. This was repeated 10 to 20 times for each lift. In general, more vibration periods were used as the thickness of material to be vibrated increased. The appendices contain additional details about the vibration methods, Although vibration sensors were attached to the tanks during some of the model construction, the sound of the vibrators and visual observation of the compaction proved to be the best guide for synchronizing the vibrators and establishing optimum compaction. Experiments with an alternative compaction method used a "densifier." In this method the entire tank was filled initially without compaction. The filled tank was lifted 5 to 10 cm on inflatable air cushions and then dropped under gravity. Before the tank hit the floor (hopefully), it was rapidly stopped by reinflating the air cushions. The acceleration produced compaction of the material in the tank. This method produced the desired compaction, but it required significant operator skill to prevent damage to the tanks. As a result, the densifier was not used in constructing the actual models.
The moisture and density values given in Table 1 for the models are based on the weights of the materials and the measured dimensions of the models. Measurements of the circumference of the tanks confirmed that the tanks did not expand as material was added to them. The height of model mixtures was measured at 15 locations over the surface of the sand after vibrating each lift. As indicated in the tables in the Appendices, 3 of the 15 points were around the central casing, 8 of the points were around the outer edge of the tank, and 4 of the points were in the middle region between the pipe and the outer tank edge. The grain densities for the constituent materials were measured in the laboratory. The hydrogen content of the hydrated alumina was calculated based on its chemical formula. Samples of the model mixtures were collected during construction. They are available for analysis, although no analysis has been performed to date.
The models were constructed and installed initially at the facilities of Niel F. Lampson, Inc. in Pasco, Washington, which is about 30 km from the Hanford site. Cased holes at that facility extended 3 m into the ground below the models to provide run tubes for long logging tools needing to extend below the tanks. A ceiling hoist about 9 m above the models lifted logging tools into the models. The location of the models off the Hanford Site simplified access to the models by commercial well logging companies, as well as expediting construction of the models. 
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